Introduction C onsumption of high energy diets followed by a sedentary lifestyle plays major role in obesity development characterized by increased fat deposition and elevated blood lipid profile. Obesity is accompanied with many diseases such as type-2 diabetes, hypertension and coronary heart disease.
(1,2) Frequent intake of high calorie diet accelerates the impairment of insulin secretion and exacerbation of insulin resistance, with worsening type 2 diabetic symptoms. (3, 4) If obesity associated disorders are left untreated, it will lead to a life threatening situation.
Currently there is a wide range of approaches available for obesity management, like phytotherapy, food therapy, bariatric surgery, pharmacotherapy etc. Natural products for obesity management are generally considered safe. Fermented food recently received greater attention in obesity prevention. One of the well know legumes used as fermented food is soybean. It is a well known source of flavonoids with greater health benefits. Cheonggukjang (CK) is a traditional fermented soybean food of Korea. It has been shown to have numerous health benefit, a study by Kwon et al. (5) indicated that 60% methanol fraction of traditionally fermented CK improves the insulin-stimulated glucose uptake in 3T3-L1 adipocytes via acting as an agonist of peroxisome proliferator-activated receptor (PPAR)-γ; similarly, it was observed that treatment of Min6 cells with 80% and 100% methanol fractions of traditionally fermented CK increases glucose-stimulated insulin secretion. In addition, many animal studies indicated the anti-diabetic properties of CK which is correlated with the increased small peptides and isoflavones aglycones produced during the fermentation process. (6) (7) (8) (9) (10) Traditionally, CK is manufactured by fermentation of soybean for 72 h by naturally occurring bacteria in rice straw instead of using any specific species or strains of microorganisms. Therefore, the fermentative microbes in CK vary depending on regions and even with the same region from year to year. (11) The functionality of fermented foods, including CK depends on the milieu of the fermentative microbes. (12, 13) Yang et al. (11) suggested that, within Korea the CK manufactured in some regions has lower anti-diabetic effect while from another region has higher. The difference in the functionality of CK is mainly due to the ambient microbe available in the environment of that particular area. (14) Therefore, it is necessary to manufacture CK using a specific microorganism that can retain its anti-diabetic properties without affecting the nature of CK. Traditionally fermented CK with the highest anti-diabetic effects are known to contain Bacillus subtilis (B. subtilis), B. amyloliquefaciens and B. licheniformis, (14) we hypothesized that one of the these microorganism must be having an important role in the anti-diabetic property of CK. Since, B. lichiniformis have been known as a good producer of poly-γ-glutamic acid (PGA) which have shown anti-obesity effect in animal models. (15) (16) (17) Therefore, we chose B. lichiniformis-67 as a starter in the preparation of CKB. The CKB thus produced was rich in PGA which was used in this study for the investigation of its functionality against diet induced obesity condition.
Materials and Methods
Preparation of CK. CKB was supplied by the Korean Food Research Institute (Seongnam-si, Korea). In brief, soybeans were washed and soaked in the water for 18 h at 10°C. The soaked soybeans were then cooked for 30 min at 121°C. After cooling, the soybeans were inoculated with 5% B. licheniformis-67 and incubated at 40°C for 72 h. Samples were lyophilized at -70°C and mixed with the AIN-93 modified rodent diet. The amount of flavonoids in SS and CKB are shown in Table 1 .
Animals and diets. Male C57BL/6J mice, aged 4 weeks, were purchased from Charles River Laboratories (Tokyo, Japan).
C
The animals were maintained on a pellet diet (Research Diets, New Brunswick, NJ) for 1 week, and then randomly divided into four groups (n = 10): normal diet control (ND), high fat diet control (HD), high fat diet added with 30% unfermented soybeans (SS), high fat diet added with 30% CK fermented with B. licheniformis-67 (CKB). The compositions of the experimental diets (Research Diets, New Brunswick, NJ) are shown in Table 2 . Animals were housed in a temperature-controlled environment with a 12 h light/dark cycle and were given free access to food and water during the entire study period. The feed intake and body weight were measured daily and weekly basis, respectively, using a digital weighing scale (Mettler Toledo PL6001-S). The experimental protocol was approved by the Animal and Use Committee of Chonbuk National University.
Collection of serum and tissue samples. After 12 h of overnight fasting, each mouse was deeply anesthetized with diethyl ether inhalation and blood was collected by orbital vein puncture. Serum was isolated from clotted blood by centrifugation at 1,100 × g for 15 min at 4°C (Micro 17R, Hanil Science In Co., Ltd, Gangneung, Korea). Tissues were carefully excised, rinsed and weighed. Both tissues and serum samples were stored at −80°C until analyzed.
Analyses of lipid profiles. The hepatic lipids were extracted using chloroform/methanol solution (2:1, vol/vol) from the liver tissue using the Bligh and Dyer method. (18) Briefly, chloroform/ methanol solution was added in the homogenized liver tissues, vortexed and centrifuged; the lower phase was collected and evaporated at room temperature under fume hood (Daihan Labtech Co., Ltd, Namyangju, Korea). The remaining semi dried pellet was dissolved in 10 ml/L Triton X-100 (Yakuri Pure Chemicals Co., Ltd, Kyoto, Japan). Resulting solution was used to estimate hepatic lipids. Serum as well as hepatic triglyceride, total cholesterol and serum HDL-cholesterol were measured using commercially available kit (Asan Pharmaceutical Co., Seoul, Korea).
Glycemic control effects and oral glucose tollerance test (OGTT). On the 5th, 7th, 9th and 11th week of the experimental period, after 12 h of over night fasting blood glucose was measured in the morning using a glucometer (Roche Diagnostics GmbH, Germany). Oral glucose tolerance test was measured from blood samples collected from the tail vein at an interval of 0, 30, 60, 120 and 180 min after oral administration of glucose (1 g/kg BW).
Hepatic mRNA analyses. Total RNA was extracted from liver tissue using Trizol reagent (Invitrogen Life Technologies; Carlsbad, CA) and the concentration was measured spectrophotometrically. The extracted RNA was reverse transcribed into complementary DNA (cDNA) using a high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA). Then the RNA expression level was quantified by a quantitative real-time PCR using SYBR Green PCR Master Mix (Applied Biosystems, Woolston, Warrington, UK) and the 7500 Real Time PCR system (Applied Biosystems) according to the manufacture's protocol. Gene specific primers used in this study are given in Table 3 . Relative quantification of gene expression with real-time PCR data was calculated relative to β-actin. Analysis of insulin and leptin. Serum insulin and leptin levels were measured using commercially available kits (Shibayagi, Shibukawa, Japan) and Quantikine immuno assay kit (R&D system, Minneapolis, MN) respectively.
Statistical analyses. The data were analyzed by one-way ANOVA using SPSS ver. 12.0 (SPSS Inc., Chicago, IL). Values are expressed as mean ± SD. The differences among groups were assessed using Duncan's multiple range tests. Statistical significance was considered at p<0.05.
Results
γ PGA (Polyglutamic acid) yield in CK fermented tradi tionaly or by B. licheniformis 67. γ-PGA yield ( Fig. 1 ) from CK fermented by traditional method or by using B. licheniformis-67 was measured and compared. It was observed that the production of γ-PGA increased from 12 h onwards in the B. licheniformis-67 fermented CKB compared to the traditionally fermented CK.
Weight gain and feed efficiency ratio. The effect of CKB on body weight is shown in Table 4 . Initially the body weight of animals in all the groups were in a similar range. After 13 weeks of the experimental period, the final body weight of animals in the HD group was significantly higher than the rest of the group. However, CK supplementation group showed significantly lower final body weight compared to the HD group. There was no significant difference observed in feed intake between the groups. But, the feed efficiency ratio was significantly lower in the CK and unfermented soybean supplemented group compared to the high fat diet control group (Table 4) .
Epididymal fat pad weight. As shown in Fig. 2 , the epididymal fat pad weight was significantly higher in all the high fat diet fed groups compared to the normal diet fed ND group. However, the CK supplemented CKB group showed significantly lower epididymal fat pad weight compared to the high fat diet control HD and unfermented soybean supplemented SS group.
Serum and liver lipid levels. The effects of CKB supplementation on serum as well as hepatic lipid profiles are shown in Table 5 . Serum triglyceride (TG) level was not significant among the entire group. Whereas serum total cholesterol (TC) was significantly low in the CK supplemented CKB group compared to the high fat diet control HD group. The serum HDL-cholesterol Table 3 . Primer sequences for real time PCR List of primers used for analyzing the respective lipid metabolic genes. CPT1, carnitine palmitoyltransferase I; ACO, acyl CoA oxidase; LXR α, liver X receptor α; PPARα, peroxisome proliferator activated receptor alpha; β actin, beta actin.
Primer Sequences concentration was significantly higher in the HD group than the rest of the group. Hepatic TG in both the experimental groups (SS and CKB) were at an intermediate range between the ND and HD groups and were not significantly different from either. TC concentration in the liver was significantly lower in both of the experimental groups (SS and CKB) compared with high fat diet control HD group. Glycemic control effects. As shown in Fig. 3a , after the 5th week of experiment, the whole blood glucose level was significantly increased in the high fat diet fed groups compared to the normal diet fed group. Seventh week onwards a decline in fasting blood glucose was observed in all the groups when compared to the earlier observation. However a significant reduction in fasting blood glucose was observed in the CKB group compared to HD and SS group.
OGTT. We examined the effect of CKB on glucose clearance through OGTT (Fig. 3b) ; blood glucose levels were measured at 0, 30, 60, 120 and 180 min after oral administration of 1 g/kg BW of glucose. The blood glucose was significantly decreased in the CKB group compared to the HD and SS group at 120 and 180 min after the glucose administration, indicating an improved state of glucose clearance in CKB group compared to the SS and HD group.
Hepatic mRNA levels. The changes in hepatic lipid metabolic genes were analyzed (Fig. 4) . The Carnitine palmitoyltransferase-1 (CPT-1) and acyl-CoA oxidase (ACO) mRNA levels associated with lipid oxidation and mitochondrial function were significantly higher in the CKB group than the HD groups; and were similar to the ND group. The regulator of cholesterol biosynthesis, liver x receptor alpha (LXRα) mRNA level was significantly lower in the CKB group than both HD and ND groups. No significant difference was observed in the LXRα mRNA level between the CKB and SS group, however the level was lower in the CKB compared to SS.
The peroxisome proliferator activated receptor alpha (PPARα) mRNA level was highest in the SS group compared to the rest of the group, however the CKB group showed similarity with the ND group.
Analyses of serum insulin and leptin. The serum insulin and leptin level are shown in Fig. 5a and b respectively. Serum insulin level was significantly lower in the SS and CKB groups compared with HD group, whereas the serum leptin levels were significantly lower in the CKB group than SS and HD groups.
Discussion
The C57BL/6J mouse strain is sensitive to high fat diet induced weight gain. (19, 20) The high fat diet intake lead to increase in body weight, adipose tissue weight and promotes hyperlipidemia and hyperglycemia in rodents. (21, 22) In this current study, body weight gain and feed efficiency ratio were significantly higher in the high fat diet fed groups compared with the normal diet fed group. Interestingly, animals fed with high fat diet along with CKB showed a lower gain in body weight compared with the groups fed with either high fat diet alone or along with SS. Korean fermented soybean foods have been known to avert weight gain in animals fed with high fat diet. (23) In our previous study, we showed that, animals fed with 40% of traditional CK containing high fat diet had 24% lesser body weight gain compared to high fat control group; however, in this current study animals on 30% CKB fermented with B. licheniformis-67 showed 25% lesser weigh gain. (24) Consumption of a diet high in fat promotes adiposity, resulting in the increase in epididymal fat pad weight which is positively correlated with body fat. (25, 26) We observed that, supplementation of CKB was effective in averting the gain of epididymal adipose tissue mass compared to untreated (HD) group as well as unfermented soybean supplemented (SS) group. Earlier we reported that intake of high fat diet with 40% traditional CK lowered 26% weight gain of epididymal adipose tissue, (24) however in our current study, we observed that consumption of high fat diet with 30% CKB fermented with B. licheniformis-67 was more efficient in averting the gain of epididymal adipose tissue which was around 45% lower than the high fat diet control. The CKB sample used in this study was richer in γ-PGA than the traditional CK, as a result of fermentation by B. licheniformis-67. A recent study suggested that γ-PGA both in the presence and absence of isoflavones decreases epididymal adipose tissue mass. (17) The adipose tissue gains its mass as a result of accumulation of ingested dietary fat as triglyceride. However, increased amount of fatty acid oxidation averts the storage of the fats in adipose tissue and other pheripheral organs. (27) Liver plays a vital role in the metabolism of the dietary fat. Therefore, we measured the level of expression of crucial genes involved in hepatic lipid metabolism. The PPARα plays a central role in the oxidation of fatty acids. It is expressed primarily in tissues that have a high level of fatty acid catabolism such as liver.
(28) Takahashi and Ide (29) showed that the PPARα mRNA level increases with increased dietary soy protein intake, which clearly implies that soy protein increases the expression of PPARα in a dose dependent manner. In our study also the CKB group showed a significant increase in the expression of PPARα compared with the HD group. However the expression level was lower in the CKB group compared to the SS group, the differences in PPARα mRNA levels between these two groups (CK and SS) may be due to the amount of isoflavones. Isoflavones are capable of regulating the expression of PPARα. (30) In our study the isoflavones concentration in CKB was lower compared with the SS, that may be the reason for PPARα expression in the SS group was higher than the CKB group.
The two vital subcellular organelles involved in fatty acid β-oxidation are mitochondria and peroxisome. The rate limiting enzyme for mitochondrial β-oxidation is CPT-1 while in peroxisome is ACO. We measured the mRNA expression level for these two enzyme. Liver and/or skeletal muscle CPT-1 mRNA expression increases as a result of supplementation soy protein as well as γ-PGA and helps in preventing weight gain.
(17,31) Soh et al. (24) also showed that CPT-1 mRNA levels were increased in a high fat diet plus CK 40% supplementation group. Our study was consistent with these three studies; indicating that supplementation of either steamed soybean or fermented soybean increases the CPT-1 mRNA expression level in both SS and CKB groups compared to HD group. Apart from CPT-1 regulating the mitochondrial β-oxidation, the mRNA expression level of enzyme ACO for peroxoxisomal fatty acid oxidation was notably higher in both SS and CKB group. Earlier study by Takahashi and Ide (29) suggests that soy protein supplementation increases the ACO activity, which was similar to our result. The reason for higher expression level of ACO mRNA expression level in the CKB group than the SS group could be due to the changes in the flavonoid levels along with the higher protein level in CK. Some studies suggested that the expression of both CPT-1 and ACO genes are up-regulated by fatty acid and acyl derivatives through PPARα dependent pathway but other findings showed that long-chain FA regulate CPT-1 through a PPARα independent pathway.
(32-37) The mRNA expression level of PPARα was lower in CKB while the CPT-1 and ACO was higher as compared to the SS group, suggesting that the expression of CPT-1 and ACO might be regulated in PPARα dependent as well as independent pathway. Though we did not measure the level of hepatic long-chain FA, however the results of CPT-1 and ACO mRNA level suggest that there might be an increase in the hepatic long-chain FA in CKB compared to SS group, further studies, however is needed to be carried out to verify the changes in hepatic long-chain FA as a result of CKB supplementation.
The lipid anabolic gene, LXRα is highly expressed in the tissues playing crucial role in lipid metabolism, such as liver, kidney, adipose tissue, skeletal muscle, small intestine and macrophages. (38) Earlier study reported that supplementation of soy protein in obese rodents lowers the expression of LXRα. (39, 40) Similarly, in our study also supplementation of CKB and SS with higher protein content was effective in lowering the hepatic LXRα mRNA level which was not observed in the HD group. The higher lipid catabolism than anabolism as observed by the higher expression of PPARα, CPT-1 and ACO; and lower expression of LXRα, reflected in several parameters including lower body weight gain and epidymal adipose tissue weight. Leptin is a hormone secreted by adipose tissue with epididymal adipose tissue as a major contributor. (41) Higher amount of adiposity has been positively related with high level of circulating leptin, a condition known as hyperleptinemia. Surgical removal of epididymal adipose tissue was found to lower the circulatory serum leptin level, (42) suggesting that the decrease in epididymal adipose tissue mass has a direct impact on the circulatory leptin level. In our study decrease in the epididymal adipose tissue mass as a result of supplementation of CKB and SS resulted in decrease secretion of leptin and thereby averting the hyperleptinemia condition. In rodents prolong consumption of high fat diet induces hyperinsulinemia, impairs glucose tolerance and promotes adipose tissue inflammation. (43) (44) (45) In our study also, animals fed with high fat diet for 13 weeks showed higher levels of serum insulin compared to the animals on a normal diet. However, animals supplemented with CKB or SS showed a lower insulin level compared to the non supplemented HD group. Soybean isoflavonoids and protein consumption alleviate some of the pathology associated with type 2 diabetes, such as insulin resistance and impaired glycemic control. (46) (47) (48) Isoflavonoids improves antidiabetic actions through estrogen receptors. (49) In a clinical trial it was shown that supplementation of soy phytoestrogen for 3 months significantly lowered insulin level. (50) In our study the lower insulin level could be because of the soy proteins along with the naturally occurring phytoestrogens that are structurally and functionally similar to estradiaol. (51) In insulin resistance state, an increased level of insulin along with high level of fasting blood glucose can be observed indicating a type-2 diabetic condition. In such state, the adipose tissue, liver and muscles fail to uptake glucose in response to increasing serum insulin. Oral glucose tolerance test measures the insulin resistance. The greater rate of blood glucose clearance elucidates the higher insulin sensitivity while the vice versa indicates insulin resistance. Soybean and its products are very well known for their antidiabetic properties. (52) In our study a significant decrease in the blood glucose level was observed in the CKB group after 120 and 180 min of oral glucose administration (1 g/kg BW). The higher rate of glucose clearance in the CKB group in spite of the low level of serum insulin compared to the HD group suggests a higher insulin sensitivity in this group. In addition, it was also observed that overnight fasting blood glucose was lower in the CKB group from 7th week onward compared to both the HD group as well as SS group. Several studies on animals and few on humans evaluated the effects of fermented soybeans on glucose metabolism. (53, 54) Glucose metabolism is a complex process which is governed by peptide and steroid hormones and is influenced by diet. A study in rodents supplemented with soy rich diet elucidated that soy phytoestrogen activates AMP-activated protein kinase (AMPK) and results in improved glucose as well as lipid metabolism. (55) AMPK is an energy sensor and pharmacological activation of AMPK promotes glucose uptake, fatty acid oxidation, mitochondrial biogenesis, and insulin sensitivity. (56) It has been reported that consumption of fermented soybeans shows higher bioavailability of isoflavones-a class of phytoestrogens, compared to nonfermented soybean.
(57) Kwon et al. (10) showed that CK improved glucose homeostasis by enhancing hepatic insulin sensitivity and insulinotropic actions in 90% pancreatectomized rats. One of the key component poly-gamma glutamic acid, in the CKB used in our study has been reported to increase the expression level of AMPK mRNA level.
(17) Therefore, we believe that, in our study the isoflavones and PGA in the CKB might have been involved in the activation of AMPK that in turn would have resulted in the higher glucose clearance and insulin sensitivity as observed in the CKB group. The effect was also reflected in the lower hepatic TC and TG level in the CKB supplemented group than in the HD group.
The serum TG did not show any significant differences among the group, however the serum TC level was lower in the CKB supplemented group than the HD group. It is possible that the high fat diet was not effective in raising the serum triglyceride. We observed similar results in our earlier studies. (58) (59) (60) Epidemiologic studies have shown an inverse correlation between HDL-c levels and the risk of cardiovascular disease. (61) But in our study, serum HDL-cholesterol concentration was significantly higher in the HD group than other groups. Hayek et al. (62) reported that the dietary fat-induced decrease in HDL-c and apo A-1 fractional catabolic rate may have been caused by the increase in HDL particle size in mice, as was suggested by their previous studies in humans. In another study, there was no significant difference observed in serum HDL-cholesterol level between HD group and CK fermented by B. subtilis. (63) Our study had certain limitations, while preparing the diet we tried to maintain a similar amount of calorie between HD and CKB group; therefore it was not possible to arrange an equal amount of fat between the two diets. Adding 30% of CK in the high fat diet lowered the total fat in the CKB diet by 5%, though the carbohydrate in the CKB and HD diets remained unchanged. However, we noticed through several publications that at least 12% or more differences in the amount of fat content in the diet are required to produce significant differences in body weight gain between groups fed with different percentage of fat in the diet.
(64-65) Therefore, we believe that, the difference in fat content between the HD and CKB diet might have some influence on the outcome, however the amelioration of the obesity related parameters in the CKB group was not solely due to 5% lower fat content in the CKB compared to the HD group.
In conclusion, CK (CKB) fermented with B. licheniformis-67 has beneficial effects in metabolic syndrome related biomarkers. This study provided evidence that, CK supplementation prevents gain of body weight, epididymal fat mass; and averts the increase in hepatic TG and TC, along with serum TC; and improves oral glucose tolerance and thus insulin sensitivity. CKB supplementation increased the hepatic ACO and CPT-1 mRNA levels, whereas it lowered the hepatic LXRα mRNA levels. Also, the expression of PPARα-the regulator of lipid catabolism, was higher in both the fermented as well as unfermented soybean groups. Insulin and leptin levels were significantly lower in the supplemented groups than in the HD group. Our study established the efficacy of CKB as anti-obesity food that mitigates obesity related symptoms, including fatty liver and insulin resistance.
